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Retinal microvascular signs may provide insights into the structure and function of small
vessels that are associated with renal disease. We examined the relationship of retinal mi-
crovascular signs with both prevalent and incident end-stage renal disease (ESRD) in a
multi-ethnic Asian population.
Methods
A total of 5763 subjects (aged40 years) from two prospective population-based studies
(the Singapore Malay Eye Study and the Singapore Prospective Study) were included for
the current analysis. Retinopathy was graded using the modified Airlie House classification
system. Retinal vascular parameters were measured using computer-assisted programs to
quantify the retinal vessel widths (arteriolar and venular caliber) and retinal vascular net-
work (fractal dimension). Data on ESRD was obtained by record linkage with the ESRD
cases registered by National Registry of Diseases Office, Singapore. Multi-variable adjust-
ed regression analyses were performed to assess the associations of baseline retinal vas-
cular parameters and prevalent and incident ESRD.
Results
At baseline, 21(0.36%) persons had prevalent ESRD. During a median follow-up of 4.3
years, 33 (0.57%) subjects developed ESRD. In our analyses, retinopathy was associated
with prevalent ESRD (multi-variable adjusted odds ratio [OR], 3.21, 95% confidence interval
[CI]: 1.28–8.05) and incident ESRD (multi-variable adjusted hazard ratio [HR], 2.51, 95%CI:
1.14–5.54). This association was largely seen in person with diabetes (HR, 2.60, 95%CI:
1.01–6.66) and not present in persons without diabetes (HR, 1.65, 95%CI: 0.14–18.98).
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Retinal arteriolar caliber, retinal venular caliber and retinal vascular fractal dimension were
not associated with ESRD.
Conclusion
Retinopathy signs in persons with diabetes are related to an increased risk of ESRD; how-
ever, other microvascular changes in the retina are not associated with ESRD.
Introduction
Renal disease, particularly end-stage renal disease (ESRD), is a costly and disabling condition
with a high mortality rate. [1] The pathological processes underlying the development of ESRD
are not well understood. [2,3] Microvascular alterations including hyalinosis and muscular hy-
perplasia [4] in the renal microvasculature are common histopathological findings in individu-
als with ESRD. [5] These microvascular abnormalities have been suggested to represent early
pathological abnormalities in the kidney. [5] However, such microvascular changes occurring
in the glomerular vascular bed cannot be visualised directly and non-invasively. [6]
Since the retinal and renal circulations share similar anatomic and physiologic characteris-
tics, [7–9] the retinal microvasculature provides an opportunity to study the renal microvascu-
lature non-invasively. Microvascular changes in the retina such as the diameter of retinal
vessels can now be quantitatively measured from retinal photographs. Several previous cross-
sectional studies have documented that these microvascular changes (retinal arteriolar narrow-
ing, presence of retinopathy signs, abnormal retinal vascular network) are associated with renal
impairment. [6,10–12] There are fewer prospective studies investigating the relationship be-
tween retinal microvascular abnormalities and renal impairment with less consistent findings.
[13–17] For example, in the Beaver Dam Chronic Kidney Disease study, authors did not find
any statistically significant association between retinal vessel diameters (retinal arteriolar nar-
rowing and venular widening) and the decline in eGFR over time (S1 Table). This discrepancy
may be attributed to the use of different surrogate markers for renal impairment, age distribu-
tions and ethnicity across populations. [13–16] Importantly, none of the previous studies have
examined the association with ESRD, the advanced form of renal disease. There have also been
no prior studies examining these relationships in Asian populations, even though Asians have
different risk factors for renal impairment compared to the Western populations. [18,19]
In this study, we examined the relationship of retinal microvascular signs with both preva-
lent and incident ESRD in a multi-ethnic Asian population.
MATERIALS ANDMETHODS
Study population
The present study utilized data from the Singapore Prospective Study Program (SP2) and The
Singapore Malay Eye (SiMES) study. Both studies were combined to increase the number of in-
cident ESRD cases in examining the relationship between retinal parameters and incident
ESRD cases. Participants from both SP2 and SiMES cohorts were examined in the same study
clinic (Singapore Eye Research Institute), following standardized clinical and retinal photo-
graphic protocols, except that blood samples were collected in non-fasting state in SiMES and
fasting state in SP2. Details of both study participants and methods have been described else-
where. [12,20]
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In brief, the Singapore Prospective Study Program (SP2), included participants from one of
four previous cross-sectional studies: Thyroid and Heart Study 1982–1984, [21] National
Health Survey 1992, [22] National University of Singapore Heart Study 1993–1995 [23] or Na-
tional Health Survey 1998. [24] All studies involved a random sample of individuals from the
Singapore population, aged 24–95 years. From 2003 to 2007, 5157 participants attended the
clinical examination and 4137 were offered retinal photography. Retinal photographs were
available for 4098 participants. We excluded participants, who were younger than 40 years of
age and those who were non Chinese, Malay or Indian, those with ungradable retinal photo-
graphs leaving 3163 for the final analysis. Written informed consent was obtained from each
participant; the study was conducted according to the Declaration of Helsinki. Ethical approval
was obtained from the Institutional Review Boards of the National University of Singapore and
Singapore General Hospital.
The Singapore Malay Eye Study (SiMES), a population-based cross-sectional study of eye
diseases in urban Malay adults ranging in age between 40 and 80 years residing in south-
western Singapore, for this analysis. In brief, participants were selected, using an age-stratified
(by 10-year age group) random sampling method; of 4168 eligible participants, 3280 participat-
ed in the study, conducted from August 2004 through June 2006. The methodology and objec-
tives of the study population have been reported in detail elsewhere. [25] We excluded
participants with ungradable retinal photographs leaving 3274 for the final analysis.
Written informed consent was obtained from each participant; and the study was conducted
according to the Declaration of Helsinki. Ethical approval was obtained from the Institutional
Review Boards of the Singapore Eye Research Institute.
Retinopathy Signs
Retinopathy was considered present if any characteristic lesion (microaneurysms, haemor-
rhages, cotton wool spots, intraretinal microvascular abnormalities, hard exudates, venous
beading and new vessels) was present (Fig. 1). [21][19] For each eye, a retinopathy severity
score was assigned accordingly and retinopathy was defined as being present if the retinopathy
score (a scale modified from the Airlie House classification system) was at level 15 or
higher [26].
Retinal vascular calibre measurement
Retinal fundus photographs of both eyes were taken after dilating the pupils with 1% tropica-
mide and 2.5% phenylephrine hydrochloride, using a digital non-mydriatic retinal camera
(CR-DGi with a 10D SLR backing; Canon, Tokyo, Japan). Two retinal images of each eye were
obtained, one centered at Early Treatment for Diabetic Retinopathy Study (ETDRS) standard
field 1 (the optic disc) and another centered on the ETDRS standard field 2 (the fovea). [27,28]
Trained graders, masked to the participants’ characteristics, used a computer-based program,
Interactive Vessel Analysis software (IVAN) program (University of Wisconsin, US), [29] to
measure [20]retinal vascular caliber. Retinal vascular caliber was measured through a specified
zone of 0.5 to 1 disc diameter away from the optic disc margin (Fig. 1). Optic disc-centered
image of the right eye for most participants were analyzed, and the left eye in those without
gradable right eye images. Based on the revised Knudtson-Parr-Hubbard formula [30] retinal
arteriolar and venular calibers were summarized as central retinal arteriolar equivalent (CRAE)
and central retinal venular equivalent (CRVE), respectively. Arterio-venous ratio (AVR) was
not used in our study, as it cannot specify whether a change in AVR value is due to generalized
arteriolar narrowing, venular dilation, or both. [31–33] Reproducibility of retinal vascular
Retinal Microvascular Signs and Renal Failure in Asians
PLOS ONE | DOI:10.1371/journal.pone.0118076 February 6, 2015 3 / 14
measurements was high, with intra-grader intraclass correlation coefficients [95% confidence
interval (CI)] 0.99 (0.98–0.99) for CRAE and 0.94 (0.92–0.96) for CRVE. [12]
Retinal vascular fractal dimension measurement
Fractal analysis was performed from the optic disc centered retinal photographs. Retinal im-
ages from the right eye were analyzed, unless they were ungradable, in which case, the left eye
retinal images were used. Trained graders, masked to participants’ characteristics, used a com-
puter-based program [International Retinal Imaging Software (IRIS-Fractal)] for fractal analy-
sis of the photographs based on a standardized protocol described in an earlier trial. [34] The
fractal dimension of the retinal vasculature was measured within a predefined circular area
centered on the optic disc of 3.5 disc radii (Fig. 2). After all the retinal vessels within this region
were automatically traced by IRIS-Fractal, the grader compared the tracing with the photo-
graph and deleted artifacts which were mistakenly identified as vessels, such as peripapillary at-
rophy, retinal pigment abnormalities, choroidal vessels and reflection from the nerve fiber
layer. Subsequently, fractal analysis was performed by the program, and the fractal dimension
was calculated using the box counting approach. [35] The intra-grader intraclass correlation
coefficients of IRIS-Fractal measurements were ranged from 0.93 to 0.95 [34].
Prevalent ESRDOutcome
Prevalent ESRD was defined by the Registry as (a) the Glomerular Filtration Rate (corrected to
the body surface area of 1.73m2) of the patient is less than 15 ml/min; or (b) the serum creati-
nine level of the patient is more than or equal to 5.7mg/dl; or (c) the patient’s kidney function
has deteriorated to the extent that, the patient requires treatment for kidney failure. [36]
Fig 1. Retinal vascular calibre measurement and Retinopathy. Retinal arteriolar and venular calibers were summarized as central retinal arteriolar
(CRAE) and the central retinal venular (CRVE) equivalent respectively from retinal fundus photograph using the Interactive Vessel Analysis software (IVAN,
University of Wisconsin, US). Arterioles are in red and venules are in blue. Retinopathy was considered present if any characteristic lesion (microaneurysms,
haemorrhages, cotton wool spots, intraretinal microvascular abnormalities, hard exudates, venous beading and new vessels) was present. [30]
doi:10.1371/journal.pone.0118076.g001
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Incident ESRDOutcome
Incident ESRD from all causes was obtained by linking with the ESRD cases registered by Na-
tional Registry of Diseases Office, Singapore, by record linkage. The Register electronically cap-
tures new cases via a unique identifier number given to all Singapore citizens and residents
(National Registration Identity Card). The Registry is expected to capture all ESRD cases in
Singapore. New ESRD cases are identified by the Registry through various sources including
notifications by healthcare professionals, hospital data for cases admitted to hospitals, and pa-
thology and laboratory reports. The Registry manages the database with quality assurance to
ensure that all data collected for the registries have been validated and are properly anon-
ymized before analysis. [37,38]
New ESRD cases were identified by the Registry and defined as (a) the Glomerular Filtration
Rate (corrected to the body surface area of 1.73m2) of the patient is less than 15 ml/min; or (b)
the serum creatinine level of the patient is more than or equal to 5.7mg/dl; or (c) the patient’s
kidney function has deteriorated to the extent that, the patient requires treatment for kidney
failure [36].
Other variables
Information on participants’ demographic characteristics, cigarette smoking and medical his-
tory was obtained by using a standardized questionnaire administered by trained personnel.
Age was defined as the age at the time of clinic examination. Height was measured in centime-
ters using a wall-mounted measuring tape and weight was measured in kilograms using a digi-
tal scale. Body mass index (BMI) is calculated as ratio of body weight (measured in kilograms)
divided by the square of the body height (measured in meters). Samples of 40 mL of non-
fasting venous blood samples were collected to measure serum lipids and glycated hemoglobin
(HbA1C). All serum biochemistry tests were carried out at the National University Hospital
Reference Laboratory. Blood pressure (BP) was measured with a digital automatic BP monitor
Fig 2. Retinal vascular fractal dimensionmeasurement. A) Coloured fundus image B) Assessment of retinal vascular fractal dimension using the
International Retinal Imaging Software—Fractal (IRIS-FRACTAL).
doi:10.1371/journal.pone.0118076.g002
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(Dinamap model Pro Series DP110X-RW, 100V2; GE Medical Systems Information Technolo-
gies, Inc., Wauwatosa, Wisconsin). A third measurement was made if the systolic BP differed
by more than 10mmHg or the diastolic BP by more than 5 mmHg. The mean between the two
closest readings were then taken as the blood pressure for that individual. Hypertension was
defined as systolic BP of 140 mmHg, diastolic BP of 90 mmHg, or self-reported previous-
ly diagnosed hypertension. Diabetes mellitus was defined as a casual plasma glucose measure-
ment of200 mg/dL (11.1 mmol/L), self-reported physician-diagnosed diabetes, use of
glucose-lowering medication, or glycosylated haemoglobin (HbA1C) of6.5%. For our final
analysis, only participants with complete data were included (Participants with incomplete
data: 653 [10.14%]).
Statistical Analysis
All statistical analyses were performed using STATA statistical software (Version 10, Stata-
Corp, College Station, Texas). Quantitative retinal vascular measures were analysed as binary
(retinal arteriolar, venular caliber and retinal vascular fractal dimension: quartile 1 vs. quartiles
2–4) and continuous variables (per each standard deviation increase/decrease). Retinopathy
was analysed as binary variable (absence vs. presence).
We compared baseline characteristics between those who were included and excluded (in-
cluding prevalent ESRD cases) in our analysis by employing the chi-squared test or by t-test as
appropriate. We also compared baseline characteristics between those with retinopathy and
those without by employing the chi-squared test or by t-test as appropriate.
Logistic regression analysis was performed to calculate the odds ratio (OR) for the cross-
sectional association between retinal microvascular parameters (retinopathy signs, caliber and
fractal dimension) and prevalent ESRD, adjusted for age, gender and race. Further adjustments
for eGFR, diabetes and hypertension were not performed due to the small sample size.
For the longitudinal analyses, those with prevalent ESRD at baseline (n = 21) were excluded.
Cox regression analysis was performed to calculate the hazard ratio (HR) for incident ESRD,
initially adjusted for age, gender, race and additionally for hypertension, diabetes and eGFR. A
p-value of<0.05 was considered to be statistically significant. Additionally, we performed a
stratified analysis to determine whether the observed association between presence of retinopa-
thy and incident ESRD is affected by diabetic status.
Results
Table 1 shows the baseline characteristics of those who were included and excluded from the
data analysis. Participants who were excluded from the data analysis were older, had higher lev-
els of systolic and diastolic blood pressure, total cholesterol, HbA1c, but lower levels of eGFR.
Participants who were excluded were also more likely to be hypertensive, diabetic but less likely
to be smokers. A total of 5763 participants with gradable retinal photographs and complete
data were included for the analysis. 21 (0.36%) prevalent ESRD cases were identified. During a
median follow-up of 4.3 years (baseline examination [2004 to 2006] and 31 December 2011),
33 (0.57%) participants developed ESRD. Of these 33 participants who developed incident
ESRD, 27 (87.8%) were diabetic. Table 2 shows the baseline characteristics of the study popula-
tion between those with retinopathy and those without, among the participants free of preva-
lent ESRD. Participants who had retinopathy were older, had higher levels of BMI, systolic and
diastolic BP, HbA1c, but lower levels of HDL cholesterol and eGFR. Participants with retinopa-
thy were also more likely to be hypertensive and diabetic.
Table 3 shows the association between retinal vascular measures and prevalent ESRD. In
multivariate analysis, after adjusting for age, gender and race, presence of retinopathy was
Retinal Microvascular Signs and Renal Failure in Asians
PLOS ONE | DOI:10.1371/journal.pone.0118076 February 6, 2015 6 / 14
found to be positively associated with prevalent ESRD (OR, 3.21, 95% CI, 1.28 to 8.05). Table 4
shows the association between retinal vascular measures and risk of incident ESRD. In the Cox
proportional-hazards regression model, after adjusting for age, gender and race, persons with
retinal arteriolar caliber narrowing (HR, 1.39, 95% CI, 1.02 to 1.91, per SD decrease) and
Table 1. Baseline characteristics comparing between those who were included to those who were excluded from the study.
Included (N = 5763) Excluded (N = 674) p-value*
Mean (SD) or n (%) Mean (SD) or n (%)
Age, years 55.12 (10.01) 64.41 (10.78) <0.001
Gender, male 2811 (48.78) 319 (47.33) 0.477
Body mass index, kg/m2 25.40 (4.83) 25.13 (4.91) 0.168
Systolic blood pressure, mmHg 139.81 (22.47) 154.49 (25.73) <0.001
Diastolic blood pressure, mmHg 79.35 (10.90) 80.31 (11.90) 0.033
Total cholesterol, mmol/L 5.45 (1.05) 5.64 (1.25) <0.001
HDL cholesterol, mmol/L 1.37 (0.34) 1.38 (0.35) 0.293
HbA1c, % 6.29 (1.36) 6.49 (1.52) 0.001
Hypertension 3181 (55.21) 530 (78.64) <0.001
Diabetes 1935 (33.58) 323 (47.92) <0.001
Current smoking, 966 (16.78) 78 (11.66) 0.001
Estimated glomerular ﬁltration rate, mL/min/1.73m2 77.30 (18.90) 67.32 (20.32) <0.001
Retinal arteriolar caliber, μm 141.05 (15.12) 139.33 (17.95) 0.047
Retinal venular caliber, μm 219.27 (21.49) 218.43 (24.80) 0.493
Retinal vascular fractal dimension 1.45 (0.025) 1.41 (0.0675) <0.001
Any retinopathy 625 (10.85) 71 (12.07) 0.363
* p-value for differences between those who were included to those who were excluded, by t-test or chi-square test as appropriate
doi:10.1371/journal.pone.0118076.t001
Table 2. Baseline characteristics comparing between those with retinopathy and those without.
With Retinopathy (N = 625) Without Retinopathy (N = 5138) p-value*
Mean (SD) or n (%) Mean (SD) or n (%)
Age, years 57.75 (10.06) 54.80 (9.95) <0.001
Gender, male 315 (50.40) 2496 (48.58) 0.390
Body mass index, kg/m2 26.14 (4.82) 25.31 (4.83) 0.038
Systolic blood pressure, mmHg 149.08 (25.18) 138.68 (21.85) <0.001
Diastolic blood pressure, mmHg 80.46 (11.52) 79.21 (10.81) 0.007
Total cholesterol, mmol/L 5.38 (1.18) 5.46 (1.04) 0.103
HDL cholesterol, mmol/L 1.30 (0.31) 1.38 (0.34) <0.001
HbA1c, % 7.43 (2.05) 6.15 (1.17) <0.001
Hypertension 447 (71.52) 2734 (53.22) <0.001
Diabetes 290 (62.40) 1545 (30.07) <0.001
Current smoking 102 (16.35) 864 (16.83) 0.759
estimated Glomerular Filtration Rate, mL/min/1.73m2 75.93 (22.06) 81.84 (17.88) <0.001
Retinal arteriolar caliber, μm 142.26 (15.45) 140.90 (15.08) 0.033
Retinal venular caliber, μm 224.73 (23.06) 218.85 (21.25) <0.001
Retinal vascular fractal dimension 1.45 (0.026) 1.45 (0.025) 0.127
* p-value for differences between those with Retinopathy and those without, by t-test or chi-square test as appropriate
doi:10.1371/journal.pone.0118076.t002
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Table 3. Relation of retinal vascular caliber, retinal vascular fractal dimension and retinopathy signs to prevalent end stage renal disease.
Model 1
No at risk Incident n (%) OR (95% CI) p-value
Retinal arteriolar caliber, μm
Quartile 1 (82.89–131.63) 1446 5 (0.41) 0.97 (0.37, 2.54) 0.953
Quartiles 2–4 (131.64–206.31) 4338 16 (0.37) Ref
per SD decrease (15.13) 5784 21 (0.36) 1.10 (0.73, 1.67) 0.646
Retinal venular caliber, μm
Quartile 1 (104.03–205.62) 1444 8 (0.55) 1.54 (0.63, 3.78) 0.347
Quartiles 2–4 (205.63–301) 4340 13 (0.30) Ref
per SD decrease (21.51) 5784 21 (0.36) 1.40 (0.93, 2.10) 0.102
Retinal vascular fractal dimension
Quartiles 1 (1.17–1.43) 1446 10 (0.69) 1.62 (0.62, 4.25) 0.325
Quartile 2–4 (1.44–1.51) 4338 11 (0.25) Ref
per SD decrease (0.025) 5784 21 (0.36) 1.23 (0.84, 1.80) 0.292
Presence of retinopathy
No 5152 14 (0.27) Ref
Yes 632 7 (1.11) 3.21 (1.28, 8.05) <0.001
OR: Odds ratio; Model 1: adjusted for age, gender, race
doi:10.1371/journal.pone.0118076.t003
Table 4. Relation of retinal vascular caliber, retinal vascular fractal dimension and retinopathy signs to risk of end stage renal disease.










Retinal arteriolar caliber, μm
Quartile 1 (82.89–131.63) 1440 16 (1.11) 1.98 (0.99, 3.97) 0.054 1440 16 (1.11) 1.39 (0.68, 2.81) 0.364
Quartiles 2–4 (131.64–206.31) 4323 17 (0.39) Ref 4322 17 (0.39) Ref
per SD decrease (15.12) 5763 33 (0.57) 1.39 (1.02, 1.91) 0.039 5762 33 (0.57) 1.32 (0.92, 1.89) 0.134
Retinal venular caliber, μm
Quartile 1 (104.03–205.64) 1440 15 (1.04) 1.79 (0.90, 3.60) 0.099 1440 15 (1.04) 1.31 (0.64, 2.69) 0.460
Quartiles 2–4 (205.63–301) 4323 18 (0.42) Ref 4322 18 (0.42) Ref





Quartiles 1 (1.17–1.43) 1444 9 (0.63) 1.62 (0.76, 3.45) 0.214 1440 9 (0.63) 1.18 (0.55, 2.50) 0.673
Quartile 2–4 (1.44–1.51) 4319 24 (0.56) Ref 4322 24 (0.56) Ref
per SD decrease (0.025) 5763 33 (0.57) 1.17 (0.72 to
1.92)




No 5138 15 (0.29) Ref 5137 15 (0.29) Ref
Yes 625 18 (2.88) 7.90(3.97, 15.70) <0.001 625 18 (2.88) 2.51(1.14, 5.54) 0.022
HR = hazard ratio; SD = standard deviation
Model 1: adjusted for age, gender, race; Model 2: additionally adjusted for hypertension, diabetes and eGFR
doi:10.1371/journal.pone.0118076.t004
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presence of retinopathy (HR, 7.90, 95% 3.97 to 15.70) at baseline were more likely to develop
ESRD. The association between presence of retinopathy (HR, 2.51, 95% 1.14 to 5.54) at baseline
and risk of ESRD persisted after further adjusting for hypertension, diabetes and eGFR. How-
ever, the association between retinal arteriolar narrowing and risk of ESRD diminished after
further adjusting for hypertension, diabetes and eGFR. Retinal venular vessel widening and
fractal dimension at baseline were not significantly associated with incident ESRD.
Table 5 shows the association between retinal vascular measures and incident ESRD strati-
fied by diabetic status. After adjusting for age, gender, race and hypertensive status, eGFR and
HbA1C, presence of retinopathy was associated with increased risk of ESRD development in
participants with diabetes (HR, 2.60, 95% CI, 1.01, 6.66). This association was not present in
participants without diabetes (HR, 1.65, 95% CI, 0.14, 18.98).
DISCUSSION
In this study, we demonstrated that the presence of retinopathy was related to both prevalent
and incident ESRD in a multi-ethnic population.
With advancements in retinal photography, retinal vascular imaging has been proposed to
be a non-invasive tool to objectively and reliably assess microangiopathic changes. Retinopathy
reflects advanced stages of structural microvascular damage (e.g. breakdown of the blood—
retina barrier) from age, inflammation, diabetes and hypertension; [39–41] which are also risk
factors for the development of ESRD. [42–44] Inferring from our general analysis, it is plausible
that microvascular changes (as indicated by presence of retinopathy) are indicative of patho-
physiological changes that are associated with the development of ESRD. However, in a recent
study done by Grunwald et al, [17] the authors reported that association between retinopathy
and incident ESRD did not exist after further adjustments of 24-hour urine protein and eGFR.
A possible explanation is that retinal microvasculature reflects the cumulative microvascular
damage that contributes to the progression of ESRD but does not provide additional prognostic
information beyond that provided by 24-hour urine protein and eGFR. [17]
In our stratified analysis for diabetics and non-diabetics, the presence of retinopathy was
predictive of incident ESRD in diabetics but not in non-diabetics. Multiple studies have also re-
ported a close link between diabetic retinopathy and renal impairment.[15,45–48] Specifically,
a recent meta-analysis comprising of 2012 participants reported that diabetic retinopathy was
predictive of diabetic nephropathy.[49] This may be partly explained by the similar pathogene-
sis of microvascular dysfunction in diabetic retinopathy and diabetic nephropathy, where both
involves thickening of basement membrane of micro vessels and increased vessel leakage. [50]
Clinically, this translates to presence of albuminuria in nephropathy [51] and presence of reti-
nal exudates in diabetic retinopathy. [52] On the other hand, the non-significant association
between retinopathy and incident ESRD in non-diabetics could be due to the small number of
incident ESRD in this subgroup. Hence, further studies are warranted to confirm this finding.
Retinal arteriolar narrowing has been hypothesized to represent a dysregulation of the
renin-angiotensin and endothelial systems. [53,54] In addition, endothelin, a peptide secreted
by vascular endothelial cells and a potent vasoconstrictor, has been hypothesized to be associat-
ed with sclerotic renal changes and progression of ESRD. [55] Cross-sectional studies have
consistently demonstrated the association between retinal arteriolar narrowing and microalbu-
minuria and renal impairment. [6,12] Similarly, in the MESA study, Yau et al concluded that
retinal arteriolar narrowing predicts risk of stage 3 CKD in whites. However, the association
between retinal arteriolar narrowing and incident renal impairment was not replicated in other
studies. [14] [16] [17] Despite shorter follow-up period in our study (4.3 years) compared to
Beaver dam CKD study (15 years), [16] we similarly did not observe any significant
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associations between retinal arteriolar narrowing and incident ESRD. It is possible that al-
though retinal arteriolar narrowing and chronic kidney disease share similar pathophysiologi-
cal mechanism, they may not be causally related, thus explaining the lack of prospective
association. [16]
Table 5. Relation of retinal vascular caliber, retinal vascular fractal dimension and retinopathy signs to risk of end stage renal disease.










Subject without diabetes mellitus
Retinal arteriolar caliber, μm
Quartile 1 (82.89–131.63) 964 4 (0.41) 3.33 (0.59,
18.78)
0.173 964 4 (0.41) 2.63 (0.35,
19.87)
0.350
Quartiles 2–4 (131.64–206.31) 2864 2 (0.07) Ref 2864 2 (0.07) Ref
per SD decrease (15.03) 3828 6 (0.16) 1.41 (0.68, 2.96) 0.357 3828 6 (0.16) 1.68 (0.61, 4.65) 0.318
Retinal venular caliber, μm
Quartile 1 (104.03–205.64) 953 2 (0.21) 0.89 (0.16, 5.05) 0.897 953 2 (0.21) 0.68 (0.10, 4.39) 0.684
Quartiles 2–4 (205.65–301) 2875 4 (0.14) Ref 2875 4 (0.14) Ref
per SD decrease (21.06) 3828 6 (0.16) 0.73 (0.37, 1.45) 0.367 3828 6 (0.16) 0.57 (0.25, 1.32) 0.190
Retinal vascular fractal
dimension
Quartiles 1 (1.17–1.43) 864 4 (0.46) 2.29 (0.36,
14.78)
0.383 864 4 (0.46) 2.77 (0.38,
20.07)
0.313
Quartile 2–4 (1.44–1.51) 2964 2 (0.07) Ref 2964 2 (0.07) Ref
per SD decrease (0.025) 3828 6 (0.16) 1.19 (0.63, 2.23) 0.592 3828 6 (0.16) 1.33 (0.69, 2.58) 0.386
Presence of retinopathy
No 3593 5 (0.14) Ref 3593 5 (0.14) Ref
Yes 234 1 (0.43) 2.57 (0.30,
22.11)
0.389 234 1 (0.43) 1.65 (0.14,
18.98)
0.689
Subject with diabetes mellitus
Retinal arteriolar caliber, μm
Quartile 1 (88.89–131.63) 476 12 (2.52) 2.00 (0.92, 4.33) 0.078 476 12 (2.52) 1.24 (0.55, 2.81) 0.608
Quartiles 2–4 (131.68–204.32) 1459 15 (1.03) Ref 1459 15 (1.03) Ref
per SD decrease (15.31) 1935 27 (1.40) 1.46 (1.03, 2.07) 0.036 1935 27 (1.40) 1.23 (0.80, 1.89) 0.343
Retinal venular caliber, μm
Quartile 1 (128.44–205.6) 487 13 (2.67) 2.25 (1.05 4.83) 0.038 487 13 (2.67) 1.35 (0.58, 3.17) 0.485
Quartiles 2–4 (205.75–289.61) 1448 14 (0.97) Ref 1448 14 (0.97) Ref
per SD decrease (22.29) 1935 27 (1.40) 1.42 (1.01, 2.01) 0.046 1935 27 (1.40) 1.31 (0.88, 1.94) 0.177
Retinal vascular fractal
dimension
Quartile 1 (82.89–131.63) 573 14 (2.44) 1.53 (0.67, 3.49) 0.317 573 14 (2.44) 1.01 (0.44, 2.37) 0.973
Quartiles 2–4 (82.89–131.63) 1362 13 (0.95) Ref 1362 13 (0.95) Ref
per SD decrease (0.025) 1935 27 (1.40) 1.24 (0.91, 1.69) 0.175 1935 27 (1.40) 0.95 (0.68, 1.34) 0.785
Presence of retinopathy
No 1545 10 (0.65) Ref 1545 10 (0.65) Ref
Yes 390 17 (4.36) 5.72(2.61, 12.56) <0.001 390 17 (4.36) 2.60(1.01, 6.66) 0.047
HR = hazard ratio; SD = standard deviation
Model 1: adjusted for age, gender, race; Model 2: additionally adjusted for hypertension, eGFR and HbA1C
doi:10.1371/journal.pone.0118076.t005
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We further explored the relationship of retinal venular caliber and retinal vascular fractal di-
mension with incident ESRD. Sng et al have previously reported that suboptimal retinal vascu-
lar fractal dimension (the lowest and highest quintiles) was associated with an increased
prevalence of CKD [defined as eGFR< 60 mL/min/1.73 m2], after adjusting for age, systolic
blood pressure, diabetes and other risk factors in a cross sectional study (the Singapore Pro-
spective Study Program, SP2). [10] While it has been shown by Sng et al [10] that retinal fractal
dimension was cross-sectionally associated with CKD, we did not observe a significant pro-
spective association between retinal fractal dimension and ESRD. A possible explanation could
be that changes in retinal fractal dimension may not be an early indicator of deviation from
normal microvasculature associated with ESRD development. We also did not observe any sig-
nificant association between retinal venular caliber and incident ESRD.
The strengths of our study include its population-based sample, quantitative and masked
evaluation of retinal vessel diameters, standardized measurement of renal function, and the
availability of information on potential confounding factors. Several limitations of this study
should be addressed. First, because of our small sample size of incident ESRD cases, we were
unable to draw meaningful conclusion from our stratified analysis. As such, we are unable to
confidently conclude that presence of retinopathy was not associated with increased risk of
ESRD development in participants without diabetes in the current study. Further studies will
be needed to confirm this exploratory finding. Second, as albuminuria data was not available,
we could not include it into our multivariable model. Third, insufficient statistical power due
to a small sample size of incident ESRD cases may also explain the lack of association between
other retinal vascular parameters and incident ESRD.
In summary, we demonstrated that the presence of retinopathy was related to both preva-
lent and incident ESRD in Asians. Specifically, diabetic retinopathy signs are related to an in-
creased risk of ESRD. Our findings may provide evidence that presence of retinopathy reflect
early subclinical damage in the renal microvasculature that is subsequently associated with de-
velopment of renal disease.
Supporting Information
S1 Table. Longitudinal population-based studies examining the associations between reti-
nal vascular changes with incident renal impairment outcome.
(DOCX)
Acknowledgments
The authors wish to thank all the staff from the Singapore Epidemiology of Eye Disease
(SEED) program and Singapore Advanced Imaging Laboratory for Ocular Research (SAILOR)
for their work in data collection.
Author Contributions
Conceived and designed the experiments: EST CS MKI TYW CYC BWT. Performed the exper-
iments: WFY CS CYCWTTMKI. Analyzed the data: WTTWFY. Contributed reagents/mate-
rials/analysis tools: EST KYC BWT TYW. Wrote the paper: WFY CS MKI CYC TYW.
References
1. System USRDUSRDS 2013 Annual Data Report: Atlas of Chronic Kidney Disease and End-Stage
Renal Disease in the United States. National Institutes of Health, National Institute of Diabetes and Di-
gestive and Kidney Diseases, Bethesda, MD, 2013.
2. Jacobson HR (1991) Chronic renal failure: pathophysiology. Lancet 338: 419–423. PMID: 1678092
Retinal Microvascular Signs and Renal Failure in Asians
PLOS ONE | DOI:10.1371/journal.pone.0118076 February 6, 2015 11 / 14
3. London GM, Drueke TB (1997) Atherosclerosis and arteriosclerosis in chronic renal failure. Kidney Int
51: 1678–1695. PMID: 9186855
4. Freedman BI, Iskandar SS, Appel RG (1995) The link between hypertension and nephrosclerosis. Am
J Kidney Dis 25: 207–221. PMID: 7847347
5. Kriz W, Gretz N, Lemley KV (1998) Progression of glomerular diseases: is the podocyte the culprit? Kid-
ney Int 54: 687–697. PMID: 9734594
6. Awua-Larbi S, Wong TY, Cotch MF, Durazo-Arvizu R, Jacobs DR Jr, et al. (2011) Retinal arteriolar cali-
ber and urine albumin excretion: the Multi-Ethnic Study of Atherosclerosis. Nephrol Dial Transplant 26:
3523–3528. doi: 10.1093/ndt/gfr095 PMID: 21398363
7. Schwartz MM, Lewis EJ, Leonard-Martin T, Lewis JB, Batlle D (1998) Renal pathology patterns in type
II diabetes mellitus: relationship with retinopathy. The Collaborative Study Group. Nephrol Dial Trans-
plant 13: 2547–2552. PMID: 9794557
8. Klein R, Zinman B, Gardiner R, Suissa S, Donnelly SM, et al. (2005) The relationship of diabetic retinop-
athy to preclinical diabetic glomerulopathy lesions in type 1 diabetic patients: the Renin-Angiotensin
System Study. Diabetes 54: 527–533. PMID: 15677511
9. Cheung CY, IkramMK, Sabanayagam C, Wong TY (2012) Retinal microvasculature as a model to
study the manifestations of hypertension. Hypertension 60: 1094–1103. doi: 10.1161/
HYPERTENSIONAHA.111.189142 PMID: 23045470
10. Sng CC, Sabanayagam C, Lamoureux EL, Liu E, Lim SC, et al. (2010) Fractal analysis of the retinal
vasculature and chronic kidney disease. Nephrol Dial Transplant 25: 2252–2258. doi: 10.1093/ndt/
gfq007 PMID: 20124213
11. Lim LS, Cheung CY, SabanayagamC, Lim SC, Tai ES, et al. (2013) Structural changes in the retinal
microvasculature and renal function. Invest Ophthalmol Vis Sci 54: 2970–2976. doi: 10.1167/iovs.13-
11941 PMID: 23572105
12. Sabanayagam C, Tai ES, Shankar A, Lee J, Sun C, et al. (2009) Retinal arteriolar narrowing increases
the likelihood of chronic kidney disease in hypertension. J Hypertens 27: 2209–2217. doi: 10.1097/
HJH.0b013e328330141d PMID: 19620884
13. Yau JW, Xie J, Kawasaki R, Kramer H, Shlipak M, et al. (2011) Retinal arteriolar narrowing and subse-
quent development of CKD Stage 3: the Multi-Ethnic Study of Atherosclerosis (MESA). Am J Kidney
Dis 58: 39–46. doi: 10.1053/j.ajkd.2011.02.382 PMID: 21549464
14. Edwards MS, Wilson DB, Craven TE, Stafford J, Fried LF, et al. (2005) Associations between retinal mi-
crovascular abnormalities and declining renal function in the elderly population: the Cardiovascular
Health Study. Am J Kidney Dis 46: 214–224. PMID: 16112039
15. Wong TY, Coresh J, Klein R, Muntner P, Couper DJ, et al. (2004) Retinal microvascular abnormalities
and renal dysfunction: the atherosclerosis risk in communities study. J Am Soc Nephrol 15: 2469–
2476. PMID: 15339997
16. Sabanayagam C, Shankar A, Klein BE, Lee KE, Muntner P, et al. (2011) Bidirectional association of ret-
inal vessel diameters and estimated GFR decline: the Beaver Dam CKD Study. Am J Kidney Dis 57:
682–691. doi: 10.1053/j.ajkd.2010.11.025 PMID: 21439697
17. Grunwald JE, Pistilli M, Ying GS, Daniel E, Maguire MG, et al. (2014) Retinopathy and Progression of
CKD: The CRIC Study. Clin J Am Soc Nephrol 9: 1217–1224. doi: 10.2215/CJN.11761113 PMID:
24812423
18. Earle KK, Porter KA, Ostberg J, Yudkin JS (2001) Variation in the progression of diabetic nephropathy
according to racial origin. Nephrol Dial Transplant 16: 286–290. PMID: 11158401
19. Roderick PJ, Raleigh VS, Hallam L, Mallick NP (1996) The need and demand for renal replacement
therapy in ethnic minorities in England. J Epidemiol Community Health 50: 334–339. PMID: 8935467
20. Wong TY, Chong EW,WongWL, RosmanM, Aung T, et al. (2008) Prevalence and causes of low vision
and blindness in an urban malay population: the Singapore Malay Eye Study. Arch Ophthalmol 126:
1091–1099. doi: 10.1001/archopht.126.8.1091 PMID: 18695104
21. Hughes K, Yeo PP, Lun KC, Thai AC, Sothy SP, et al. (1990) Cardiovascular diseases in Chinese, Ma-
lays, and Indians in Singapore. II. Differences in risk factor levels. J Epidemiol Community Health 44:
29–35. PMID: 2348145
22. Tan CE, Emmanuel SC, Tan BY, Jacob E (1999) Prevalence of diabetes and ethnic differences in car-
diovascular risk factors. The 1992 Singapore National Health Survey. Diabetes Care 22: 241–247.
PMID: 10333940
23. Hughes K, Aw TC, Kuperan P, Choo M (1997) Central obesity, insulin resistance, syndrome X, lipopro-
tein(a), and cardiovascular risk in Indians, Malays, and Chinese in Singapore. J Epidemiol Community
Health 51: 394–399. PMID: 9328546
Retinal Microvascular Signs and Renal Failure in Asians
PLOS ONE | DOI:10.1371/journal.pone.0118076 February 6, 2015 12 / 14
24. Cutter J, Tan BY, Chew SK (2001) Levels of cardiovascular disease risk factors in Singapore following
a national intervention programme. Bull World Health Organ 79: 908–915. PMID: 11693972
25. Foong AW, Saw SM, Loo JL, Shen S, Loon SC, et al. (2007) Rationale and methodology for a popula-
tion-based study of eye diseases in Malay people: The Singapore Malay eye study (SiMES). Ophthal-
mic Epidemiol 14: 25–35. PMID: 17365815
26. Wong TY, Cheung N, TayWT, Wang JJ, Aung T, et al. (2008) Prevalence and risk factors for diabetic
retinopathy: the Singapore Malay Eye Study. Ophthalmology 115: 1869–1875. doi: 10.1016/j.ophtha.
2008.05.014 PMID: 18584872
27. Klein R, Klein BE, Magli YL, Brothers RJ, Meuer SM, et al. (1986) An alternative method of grading dia-
betic retinopathy. Ophthalmology 93: 1183–1187. PMID: 3101021
28. Wong TY, Klein R, Islam FM, Cotch MF, Folsom AR, et al. (2006) Diabetic retinopathy in a multi-ethnic
cohort in the United States. Am J Ophthalmol 141: 446–455. PMID: 16490489
29. Wong TY, Knudtson MD, Klein R, Klein BE, Meuer SM, et al. (2004) Computer-assisted measurement
of retinal vessel diameters in the Beaver Dam Eye Study: methodology, correlation between eyes, and
effect of refractive errors. Ophthalmology 111: 1183–1190. PMID: 15177969
30. Knudtson MD, Lee KE, Hubbard LD, Wong TY, Klein R, et al. (2003) Revised formulas for summarizing
retinal vessel diameters. Curr Eye Res 27: 143–149. PMID: 14562179
31. Ikram MK, Ong YT, Cheung CY, Wong TY (2013) Retinal vascular caliber measurements: clinical sig-
nificance, current knowledge and future perspectives. Ophthalmologica 229: 125–136. doi: 10.1159/
000342158 PMID: 23006932
32. Liew G, Sharrett AR, Kronmal R, Klein R, Wong TY, et al. (2007) Measurement of retinal vascular cali-
ber: issues and alternatives to using the arteriole to venule ratio. Invest Ophthalmol Vis Sci 48: 52–57.
PMID: 17197515
33. Liew G, Wong TY, Mitchell P, Wang JJ (2006) Are narrower or wider retinal venules associated with in-
cident hypertension? Hypertension 48: e10; author reply e11. PMID: 16801487
34. Liew G, Wang JJ, Cheung N, Zhang YP, HsuW, et al. (2008) The retinal vasculature as a fractal: meth-
odology, reliability, and relationship to blood pressure. Ophthalmology 115: 1951–1956. doi: 10.1016/j.
ophtha.2008.05.029 PMID: 18692247
35. Macgillivray TJ, Patton N, Doubal FN, GrahamC,Wardlaw JM (2007) Fractal analysis of the retinal vas-
cular network in fundus images. Conf Proc IEEE Eng Med Biol Soc 2007: 6456–6459. PMID: 18003503
36. Board HP (2011) Guidelines for Notification of Chronic Kidney Failure. In: Office NRoD, editor.
37. Board HP (2012) Trends of End Stage Renal Disease (ESRD) in Singapore. In: Office NRoD, editor.
38. Board HP (2012) 8th Report of the Singapore Renal Registry. In: Office NRoD, editor.
39. Wong TY, Klein R, Klein BE, Tielsch JM, Hubbard L, et al. (2001) Retinal microvascular abnormalities
and their relationship with hypertension, cardiovascular disease, and mortality. Surv Ophthalmol 46:
59–80. PMID: 11525792
40. Klein R, Sharrett AR, Klein BE, Chambless LE, Cooper LS, et al. (2000) Are retinal arteriolar abnormali-
ties related to atherosclerosis?: The Atherosclerosis Risk in Communities Study. Arterioscler Thromb
Vasc Biol 20: 1644–1650. PMID: 10845884
41. Klein BE, Knudtson MD, Tsai MY, Klein R (2009) The relation of markers of inflammation and endotheli-
al dysfunction to the prevalence and progression of diabetic retinopathy: Wisconsin epidemiologic
study of diabetic retinopathy. Arch Ophthalmol 127: 1175–1182. doi: 10.1001/archophthalmol.2009.
172 PMID: 19752427
42. Stenvinkel P (2006) Inflammation in end-stage renal disease: the hidden enemy. Nephrology (Carlton)
11: 36–41. PMID: 16509930
43. Hoffmann F, Haastert B, Koch M, Giani G, Glaeske G, et al. (2011) The effect of diabetes on incidence
and mortality in end-stage renal disease in Germany. Nephrol Dial Transplant 26: 1634–1640. doi: 10.
1093/ndt/gfq609 PMID: 20959344
44. Weiner DE (2010) Risk factors for ESRD: lessons from a community study and implications for public
health. Am J Kidney Dis 55: 5–7. doi: 10.1053/j.ajkd.2009.11.004 PMID: 20053343
45. Klein R, Klein BE, Moss SE, Cruickshanks KJ, Brazy PC (1999) The 10-year incidence of renal insuffi-
ciency in people with type 1 diabetes. Diabetes Care 22: 743–751. PMID: 10332675
46. Skyler JS (2001) Microvascular complications. Retinopathy and nephropathy. Endocrinol Metab Clin
North Am 30: 833–856. PMID: 11727402
47. Jensen T, Deckert T (1992) Diabetic retinopathy, nephropathy and neuropathy. Generalized vascular
damage in insulin-dependent diabetic patients. HormMetab Res Suppl: 26: 68–70.
48. El-Asrar AM, Al-Rubeaan KA, Al-Amro SA, MoharramOA, Kangave D (2001) Retinopathy as a predic-
tor of other diabetic complications. Int Ophthalmol 24: 1–11. PMID: 11998880
Retinal Microvascular Signs and Renal Failure in Asians
PLOS ONE | DOI:10.1371/journal.pone.0118076 February 6, 2015 13 / 14
49. He F, Xia X, Wu XF, Yu XQ, Huang FX (2013) Diabetic retinopathy in predicting diabetic nephropathy
in patients with type 2 diabetes and renal disease: a meta-analysis. Diabetologia 56: 457–466. doi: 10.
1007/s00125-012-2796-6 PMID: 23232641
50. Jennette JC OJ, Schwartz MM, Silva FG (1998) Diabetes Mellitus. Hepinstall’s Pathology of the Kidney-
Hepinstall’s Pathology of the Kidney. 5th ed. Philadelphia: Lippincott Williams &Wilkins. pp. 41. doi:
10.1148/radiol.14144045 PMID: 25531481
51. Molitch ME, DeFronzo RA, Franz MJ, KeaneWF, Mogensen CE, et al. (2004) Nephropathy in diabetes.
Diabetes Care 27 Suppl 1: S79–83. PMID: 14693934
52. Chew EY, Klein ML, Ferris FL 3rd, Remaley NA, Murphy RP, et al. (1996) Association of elevated
serum lipid levels with retinal hard exudate in diabetic retinopathy. Early Treatment Diabetic Retinopa-
thy Study (ETDRS) Report 22. Arch Ophthalmol 114: 1079–1084. PMID: 8790092
53. Tornig J, Amann K, Ritz E, Nichols C, Zeier M, et al. (1996) Arteriolar wall thickening, capillary rarefac-
tion and interstitial fibrosis in the heart of rats with renal failure:the effects of ramipril, nifedipine and
moxonidine. J Am Soc Nephrol 7: 667–675. PMID: 8738800
54. Amann K, Munter K, Wessels S, Wagner J, Balajew V, et al. (2000) Endothelin A receptor blockade pre-
vents capillary/myocyte mismatch in the heart of uremic animals. J Am Soc Nephrol 11: 1702–1711.
PMID: 10966495
55. Alexei V, Agapitov WGH (2002) Role of endothelin in cardiovascular disease. Journal of the Renin-An-
giotensin-Aldosterone System 3: 16. PMID: 11984742
Retinal Microvascular Signs and Renal Failure in Asians
PLOS ONE | DOI:10.1371/journal.pone.0118076 February 6, 2015 14 / 14
